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ORIGINAL ARTICLE
Arsenic was first used more than 2400 years ago
in Greece and Rome both as a therapeutic agent
and as a poison; nowadays, the health-related im-
pact of this compound is predominantly due to
industrial and environmental exposure.1 Arsenic
trioxide (As2O3) is used to treat leukemia that is
refractory to first-line agents. As a result of its
toxicity, As2O3 is associated with significant risks.
It is thought that arsenic trisulfide induces apop-
tosis in cancer cells. The enzyme thioredoxin 
reductase recently has been identified as a target
for As2O3.2 However, the actual mechanism that
explains the neurotoxicity of As2O3 remains to be
elucidated.3 Arsenic exerts its toxicity by inactivat-
ing up to 200 enzymes, most notably those in-
volved in cellular energy pathways, and DNA
synthesis and repair.4 Acute arsenic poisoning can
lead to carbohydrate depletion in experimental
studies.5 In humans, the neurological effects of
acute arsenic poisoning include hyperpyrexia, con-
vulsions, tremor and disorientation.6 Chronic
treatment with an arsenic compound decreases
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Arsenic Trioxide Modulates the Central Snail
Neuron Action Potential
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Background/Purpose: The electropharmacological effect of arsenic trioxide (As2O3) is unknown. The
present study investigated the effects of As2O3 on spontaneous neuronal impulse activity.
Methods: Intracellular recordings and the two-electrode voltage clamp method were used to study the effect
of As2O3 on the RP4 neuron, the number 4 neuron in the right partial ganglion of the giant African snail
(Achatina fulica Ferussac).
Results: The RP4 neuron generated spontaneous action potentials, which were affected by As2O3 in a 
concentration-dependent manner. Extracellular application of 1 or 3 mM As2O3 decreased the frequency
of spontaneously generated action potentials. At 10 mM, As2O3 first depolarized and then elicited irre-
versible bursts of potential (BoPs) at 60 minutes after administration. At 30 mM, As2O3 depolarized the
resting membrane potential and abolished the spontaneous action potentials. The BoPs elicited by 10 mM
As2O3 were blocked when neurons were pretreated with phospholipase C (PLC) inhibitors (10 μM U73122
or 3 mM neomycin). The BoPs elicited by As2O3 remained unchanged in the presence of KT5720, verapamil,
or calcium replacement solution. Voltage-clamp studies revealed that 10 mM As2O3 decreased the fast inward
current and had no effect on the steady-state outward current of the neuron.
Conclusion: As2O3 at 10 mM elicits BoPs in central snail neurons and this effect may relate to the PLC 
activity of the neuron, rather than protein kinase A activity, or calcium influxes of the neuron. As2O3 at
higher concentration irreversibly abolishes the spontaneous action potentials of the neuron. [J Formos Med
Assoc 2009;108(9):683–693]
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the enzyme activity of hepatic thioredoxin reduc-
tase and glutathione reductase in rabbits.7 In
electrophysiological research, arsenic has been
reported to depolarize the cell membrane poten-
tial,8–10 enhance the cardiac calcium current, and
reduce expression of the human ether-a-go-go-
related channel.11,12 However, whether As2O3
alters spontaneous neuronal impulse activity re-
mains unclear.
Central snail neurons are a useful model for
detecting changes in spontaneous action poten-
tials. These neurons are easy to identify and 
they contain many neurotransmitters and recep-
tors.13,14 We have reported previously that certain
chemicals can elicit bursts of potential (BoPs) 
in the central RP1 or RP4 neuron of the African
snail, such as amphetamine,15–22 procaine,23,24
cocaine25 and 3,4-methylenedioxyamphetamine.26
Inhibition of mitochondrial function in neurons
may also elicit BoPs.27
In the present study, we found that As2O3
elicited BoPs in the RP4 neuron and that the
compound acted upon a phospholipase C (PLC)
pathway.
Materials and Methods
Experiments were performed on identified cen-
tral RP4 neurons from the subesophageal gan-
glia of the African snail, Achatina fulica Ferussac.
The ganglia were pinned to the bottom of a 
2.0-mL Sylgard-coated perfusion chamber and
freed carefully from the connective tissue sheath
to allow easy identification and penetration by 
microelectrodes.19
Intracellular recordings were made using a
GeneClamp 500 amplifier (Molecular Devices,
Sunnyvale, CA, USA) and glass microelectrodes
filled with 3.0 M KCl, with resistance ranging from
5.0 to 8.0 MΩ. The experimental chamber was
perfused with control saline, which comprised
85.0 mM NaCl, 4.0 mM KCl, 8.0 mM CaCl2,
7.0 mM MgCl2, and 10.0 mM Tris-HCl (pH
7.55–7.65) at 23.0–24.0°C.20 Calcium (Ca2+)-
substituted saline was replaced with calcium
ions in equimolar amounts (8.0 mM) of Tris-HCl
and EDTA. Neurons were studied only if their
resting membrane potential (RMP) negativity was
> −50 mV, with a time constant of 5–8 ms and
rate of rise in action potential of 5–8 V/s. As2O3
and other compounds were applied by extracel-
lular incubation. All potentials were recorded 
on tape by a digitalizing unit (Digidata 1200;
Molecular Devices).
The RMPs, amplitudes and single spike fre-
quencies of RP4 neuron action potentials were
recorded at 60 minutes after As2O3 administra-
tion. Two microelectrodes were penetrated into
the neuron, using the GeneClamp 500 amplifier
(Molecular Devices). The recording electrode
(5–8 MΩ) and the current electrode (0.8 nA) were
filled with 3.0 M KCl.
The two-electrode voltage clamp method was
used28 to test the effect of As2O3 on the ionic cur-
rent. All potentials and currents were recorded on
tape via a digitalizing unit (Digidata 1200; Mole-
cular Devices) and analyzed using a pCLAMP
system (Molecular Devices). The peak amplitude
of the total inward current was elicited by 70 ms
of −50 to +30 mV, from a holding potential of 
−60 mV. The steady-state outward currents were
elicited by 5 seconds of −100 to + 20 mV, from a
holding potential of −60 mV. This study measured
current amplitudes with the following protocols:
(a) the peaks of fast inward currents were meas-
ured after clamping at 70 ms; and (b) the steady-
state currents of the neurons were measured after
clamping at 5-second durations. Student’s paired
t test was used to compare the mean amplitude of
the potentials after various treatments with that of
the pretreatment control. Data from biochemical
studies were expressed as the mean ± standard
error of the mean (SEM) and evaluated by one-
way analysis of variance. Differences were esti-
mated by the Student’s paired t test and were
considered statistically significant at p < 0.05.
All drug stock solutions were made with 
double-distilled water, except for KT5720 and
U73122, which were prepared in dimethyl sul-
foxide (DMSO). The presence of DMSO (≤ 0.1%)
alone did not affect the RMP, amplitude or 
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frequency of spontaneous action potential firing
in the RP4 neurons. As2O3 (50 mM) was dissolved
in NaOH and distilled water, with an adjusted
pH of 7.6.
Results
Identifiable RP4 neuron of A. fulica Ferussac
Identified central RP4 neurons from the sub-
esophageal ganglia of the African snail, A. fulica
Ferussac, were sensitive to several neurotransmit-
ters. Glutamic acid (50 μM) induced hyperpolar-
ization of the membrane potential. Serotonin
(50 μM), γ-aminobutyric acid (50 μM), dopamine
(50 μM) and acetylcholine (50 μM) increased the
frequency of the spontaneous neuronal impulse
activity.15
The control RP4 neurons had an RMP of 
−59.3 ± 0.5 mV (n = 25, mean ± SEM), a mean
spontaneous action potential firing frequency 
of 31.3 ± 4.0 pulses/minute (n = 25) and a mean
amplitude of 96.0 ± 1.8 mV (n = 25). The action
potential showed a regularly spaced single spike.
No action potential burst firing was observed.
The BoPs were resumed if passing hyperpolariza-
tion current to the neurons.
Effects of extracellular As2O3 on 
RP4 neurons
The effects of 1–30 mM As2O3 on the RP4 neurons
are shown in Figure 1 and Table 1. Application of
1 or 3 mM As2O3 for 60 minutes decreased the
frequency of the spontaneously generated action
potentials. The effects of 10 mM As2O3 on the RP4
neurons were time-dependent. At 20 minutes,
10 mM As2O3 depolarized the RMP, decreased the
amplitude, and significantly increased the fre-
quency of spontaneous action potentials; BoPs
were abolished at 20 minutes. At 30 minutes, the
cell membrane potential became hyperpolarized
and elicited BoPs. At 60 minutes, the BoPs re-
mained and the RMP was restored to normal.
After application of 30 mM As2O3 for 10 minutes,
Arsenic effects on central snail neuron
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Figure 1. Effects of arsenic trioxide (As2O3) on the central RP4 neuron. A1, B1, C1 and D1 are the spontaneous action
potentials of the RP4 neuron. A2, B2, C2 and D2 are the potentials after application of As2O3 at 1, 3, 10 and 30 mM, re-
spectively, for 10 minutes. A3, B3 and C3 are the potentials after application of As2O3 at 1, 3 and 10 mM, respectively,
for 20 minutes. A4, B4 and C4 are the potentials after application of As2O3 at 1, 3 and 10 mM, respectively, for 30 min-
utes. A5, B5 and C5 are the potentials after application of As2O3 at 1, 3 and 10 mM, respectively, for 60 minutes. A6, B6,
C6 and D6 are the potentials after washing with normal saline for 60 minutes, following incubation of the preparation
with As2O3. The top left horizontal bar represents the membrane potential at 0 mV.
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the cell membrane potential was depolarized
further, which decreased the driving force that
triggered the action potential, and the BoPs dis-
appeared. The effects of As2O3 were irreversible.
Effects of current injections on As2O3-elicited
BoPs in RP4 neurons
After 20 minutes application of 10 mM As2O3, the
RMP depolarized to − 46.5 ± 1.5 mV (n= 3; p< 0.05
vs. controls), and the frequency of spontaneous
action potentials increased significantly; no BoPs
were observed. When a negative current (− 0.8 nA)
was injected into the RP4 neuron, the RMP hy-
perpolarized to − 57.5 ± 2.5 mV (n = 3) and BoPs
were observed. In the absence of any current 
injection, the BoPs remained and the RMP was 
−64.0 ± 1.0 mV (n = 3). When a positive current
(+ 0.8 nA) was injected into the RP4 neuron, 
the RMP depolarized to −41.5 ± 1.5 mV (n = 3;
p < 0.05). An increased firing frequency was 
observed instead of BoPs (Figure 2). These obser-
vations suggest that membrane changes elicited
by As2O3 are associated with BoPs.
Effects of calcium-free solution on 
As2O3-elicited BoPs in RP4 neurons
The effects of extracellular calcium ions on As2O3-
elicited BoPs in RP4 neurons were examined using
a calcium-free solution (calcium ions were re-
placed by Tris ions) (Figure 3). After 30 minutes
of perfusion in the calcium-free solution, the RMP
depolarized, the amplitude decreased, and the
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Table 1. Effects of 1–10 mM arsenic trioxide (As2O3) on spontaneous action potentials of RP4 neurons*
Resting 
Amplitude
Frequency of spontaneous Bursts of action 
Variance membrane 
(mV)
action potential firing potentials 
potential (mV) (pulses/min) (bursts/min)
Controls (n = 25) −59.3 ± 0.5 96.0 ± 1.8 31.3 ± 4.0 –
1 mM As2O3 60 min (n = 4) −60.3 ± 3.8 96.5 ± 1.7 13.3 ± 2.2† –
3 mM As2O3 60 min (n = 3) −61.0 ± 1.0 96.7 ± 1.7 17.0 ± 7.0† –
10 mM As2O3 20 min (n = 6) −46.8 ± 1.6† 86.0 ± 5.5† 116.2 ± 10.5† –
10 mM As2O3 30 min (n = 6) −70.8 ± 1.2† 94.7 ± 6.0 – 8.7 ± 2.4
10 mM As2O3 60 min (n = 6) −58.1 ± 1.7 91.3 ± 3.9 – 22.7 ± 8.7
*Data are presented as mean± standard error of the mean (n is the number of neurons tested); †p<0.05 vs. controls (physiological solution).
Figure 2. Effects of hyperpolarization and depolarization pulses in arsenic trioxide (As2O3)-elicited potential changes of
the RP4 neuron. (A) Potentials after 20 minutes application of As2O3. (B) Potentials after current injections of − 0.8 nA
and + 0.8 nA in a solution incubated with 10 mM As2O3 for 20 minutes. The lower trace shows the current step com-
mands, whereas the upper left horizontal bar indicates the membrane potential at 0 mV.
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B
A
As2O3 10 mM (20 min)
10 s
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frequency of spontaneous firing action poten-
tials increased significantly. As2O3 (10 mM) was
added to the chamber. After periods of 30 and 60
minutes, BoP activity remained. These results
suggest that extracellular calcium ions may not
be associated with the As2O3-elicited BoPs.
Effects of verapamil on As2O3-elicited BoPs
in RP4 neurons
The effects of the calcium channel blocker vera-
pamil were examined on the BoPs elicited by
10 nM As2O3. After 60 minutes of perfusion with
60 μM verapamil, the frequency of spontaneous
action potentials in the RP4 neurons decreased
significantly, as shown in Figure 3C. Following
further application of 10 mM As2O3 into the
chamber for 60 minutes, the BoPs elicited by ve-
rapamil and As2O3 were equivalent to those with
10 mM As2O3 alone (Figure 3C). These results
suggest that calcium influxes are not associated
with the BoPs elicited by As2O3.
Effects of KT5720 on As2O3-elicited BoPs in
RP4 neurons
To test the effects of protein kinase A activity
upon the BoPs elicited by 10 nM As2O3, the spe-
cific protein kinase A inhibitor KT5720 (10 μM)
was applied for 60 minutes. Figure 4 shows that
the frequency of spontaneous action potentials
was decreased significantly. As2O3 (10 mM) was
added to the chamber, and the BoPs remained
evident after 30 and 60 minutes (Figure 4).
These results suggest that the BoPs elicited by
10 mM As2O3 are not associated with protein 
kinase A activity.
Effects of U73122 on As2O3-elicited BoPs in
RP4 neurons
To test the effects of PLC upon the BoPs elicited by
10 mM As2O3, the specific PLC inhibitor U73122
(10 μM) was applied for 60 minutes. No signifi-
cant changes were observed in the spontaneous
action potentials of the RP4 neurons (Figure 5
Arsenic effects on central snail neuron
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Figure 3. Effects of Ca2+-free solution (Co2+ substituting calcium) and verapamil (Vera, 60 μM, voltage-dependent Ca2+
channel inhibitor) on arsenic trioxide (As2O3)-elicited changes in resting membrane potential, and frequency and ampli-
tudes of action potentials in the central RP4 neuron. A1, A2, B1 and C1 are the controls, and show the spontaneous ac-
tion potentials of the neuron. B2 shows the potentials 30 minutes after perfusion with Ca2+-free solution. C2 shows the
potentials after application of 60 μM verapamil for 60 minutes. A3, A4 and A5 show the potentials 20, 30 and 60 min-
utes after application of 10 mM As2O3, respectively. B3, B4 and B5 and C3, C4 and C5 show the potentials 20, 30 and
60 minutes after further application of 10 mM As2O3 that contained Ca2+-free solution or 60 μM verapamil, respectively.
The top left horizontal bar indicates the membrane potential at 0 mV.
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and Table 2). As2O3 (10 mM) was added to the
chamber, and the BoPs were decreased after 30
and 60 minutes (Figure 5). These results suggest
that the potential changes elicited by 10 mM As2O3
are associated with PLC.
Effects of neomycin on As2O3-elicited BoPs in
RP4 neurons
To elucidate further the role of PLC in the BoPs
elicited by 10 mM As2O3, the specific PLC inhibitor
neomycin was used. Neurons were perfused with
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Figure 4. Effects of KT5720 on arsenic trioxide (As2O3)-elicited bursts of potential in RP4 neurons. A1, A2, and B1 are
controls. A3, A4 and A5 show the potentials at 20, 30 and 60 minutes, respectively, after application of 10 mM As2O3.
B2 shows the potentials 60 minutes after application of 10 μM KT5720. B3, B4 and B5 show the potentials at 20, 30 and
60 minutes, respectively, after further application of 10 mM As2O3. The top left horizontal bar indicates the membrane
potential at 0 mV.
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Figure 5. Effects of 10 μM U73122 on arsenic trioxide (As2O3)-elicited changes in the resting membrane potential, and
frequency and amplitudes of action potentials in the central RP4 neuron. Controls (A1 and B1) show spontaneous action
potentials. A2 and B2 show the potentials at 60 minutes after perfusion with saline and U73122 pretreatment, respec-
tively. A3, A4 and A5 show the potentials at 20, 30 and 60 minutes, respectively, after application of 10 mM As2O3. B3,
B4 and B5 show the potentials after 20, 30 and 60 minutes, respectively, after application of As2O3 to the U73122 solu-
tion. The top left horizontal bar indicates the membrane potential at 0 mV.
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10 mM As2O3 for 30 minutes, followed by 3 mM
neomycin for 30 minutes. The BoPs elicited by
As2O3 were decreased by neomycin, as was the
amplitude of the action potentials (Figure 6).
Application of 3 mM neomycin for 60 minutes be-
fore 10 mM As2O3 did not prevent As2O3-elicited
BoPs, which lasted for 20 minutes, followed by a
single spike (Figure 6). The results suggest that
the potential change elicited by 10 mM As2O3 is
associated with PLC.
Effects of As2O3 on total fast inward currents
of RP4 neurons
The effects of 10 mM As2O3 on the fast inward
currents of RP4 neurons during shorter voltage
clamping steps (70 ms) are shown in Figure 7.
The effects of 10 mM As2O3 on the current–voltage
(I–V) relationship of total inward currents at var-
ious command voltages are shown in Figure 7
and Table 3. Application of 10 mM As2O3 for 
20, 30 or 60 minutes decreased the fast inward
Arsenic effects on central snail neuron
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Table 2. Effects of U73122 on RP4 neuron action potentials elicited by 10 mM arsenic trioxide (As2O3) and
spontaneous action potentials*
Resting membrane Amplitude 
Frequency of spontaneous 
Variance
potential (mV) (mV)
action potential firing 
(pulses/min)
Controls (n = 3) − 57.0 ± 0.5 93.0 ± 3.0 46.5 ± 9.5
10 μM U73122 60 min (n = 3) − 55.0 ± 2.0 92.0 ± 0.1 43.5 ± 6.5
10 μM U73122 80 min + 10 mM − 49.5 ± 3.5†‡ 88.0 ± 0.1 58.0 ± 4.0†‡
As2O3 20 min (n = 3)
10 μM U73122 90 min + 10 mM − 51.0 ± 1.0†‡ 89.0 ± 1.0 25.5 ± 4.5†‡
As2O3 30 min (n = 3)
10 μM U73122 120 min + 10 mM − 51.0 ± 1.0†‡ 91.0 ± 1.0 21.5 ± 1.5†‡
As2O3 60 min (n = 3)
*Data are presented as mean ± standard error of the mean (n is the number of neurons tested); †p < 0.05 vs. controls (physiological 
solution); ‡p < 0.05 vs. 10mM U73122 for 60 minutes.
Figure 6. Effects of neomycin on arsenic trioxide (As2O3)-elicited bursts of potential in RP4 neurons. A1 and B1 repre-
sent controls. A2, A3 and A4 show the potentials at 30, 40 and 60 minutes, respectively, after application of 10 mM
As2O3. B2 shows the potentials at 30 minutes after application of 10 mM As2O3. B3 and B4 show the potentials at 10
and 30 minutes, respectively, after further addition of 3 mM neomycin. The top left horizontal bar indicates the mem-
brane potential at 0 mV.
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currents (Itest = −10 mV); this was most obvious at
20 minutes (Figure 7 and Table 3).
Effects of As2O3 on steady-state outward
currents of RP4 neurons
Five-second-long stepping pulses were employed
to measure the steady-state outward currents of the
RP4 neurons. Currents were obtained by stepping
from a holding potential of − 60 mV to stepping
potentials of −100 to + 20 mV at intervals of 10 mV
in a solution of 10 mM As2O3 (Figure 7). The
steady-state currents were measured at 5 seconds
after voltage stepping and the steady-state I–V 
relationships are shown in Figure 7. Steady-state
outward currents were observed if the positivity
of the holding potential was > −50 mV. The total
outward current was increased if the command
voltage was stepped to a higher positive potential.
As2O3 (10 mM) did not decrease significantly the
steady-state currents (p > 0.05) (Figure 7).
Discussion
There is a strong association between community
exposure to arsenic-containing dust and peripheral
neuropathy among humans.29 Application of
10 mM As2O3 to central RP4 neurons of the giant
G.L. Lu, et al
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Figure 7. Effects of arsenic trioxide (As2O3) on total inward and outward currents of RP4 neurons.
Part I: Total inward and steady-state currents of RP4 neurons. Currents were elicited by 70-ms command steps from a
holding potential of − 60 mV V to test potentials of − 50 to + 50 mV, at intervals of 10 mV (Column 1), or 5-second com-
mand steps from a holding potential of − 60 mV to test potentials of − 100 to + 20 mV, at intervals of 10 mV (Column 2).
Total inward currents and steady-state outward currents recorded in: (A) normal physiological saline (controls); (B) 20
minutes after incubation with 10 mM As2O3; (C) 30 minutes after incubation with As2O3; and (D) 60 minutes after incu-
bation with As2O3. (E) Steady-state outward currents recorded after washing with normal physiological solution.
Part II: Current–voltage (I–V) relationships of the peak total inward currents before () and after 10 mM As2O3, at 20
minutes (), 30 minutes (), and 60 minutes (). The currents were elicited by 70-ms command steps from a holding
potential of −60 mV to test potentials of −50 to +50 mV, at intervals of 10 mV.
Part III: I–V relationships of the steady-state outward currents before () and after 10 mM As2O3 at 30 minutes () and
60 minutes (). Currents measured at 30 minutes after washing out the As2O3 solution (). Currents were elicited by 5-
second command steps from a holding potential of − 60 mV to test potentials of − 100 to + 20 mV, at intervals of 10 mV.
*p < 0.05 vs. control.
African snail depolarized the RMP and elicited ir-
reversible BoPs, which may not be related entirely
to the effects upon the membrane potential.
Intraneuronal injection of hyperpolarizing cur-
rent did not alter the BoPs elicited by As2O3.
Application of 30 mM As2O3 to central RP4 
neurons irreversibly depolarized the RMP and
abolished the spontaneous action potentials. The
results suggested that 30 mM As2O3 abolishes
the pacemaking activity of the neuron.
Transmitters released from presynaptic nerve
terminals have been shown to affect action po-
tential bursts in rat neocortical pyramidal neu-
rons.30 Ca2+-free solution has been shown to: 
(1) inhibit the calcium-dependent transmitter-
releasing process of the nerve terminal; and (2)
abolish the extracellular calcium influx.31 Neu-
ronal calcium influxes are blocked by verapamil
and eliminated by Ca2+-free solutions.13 Our dis-
covery that the As2O3-elicited BoPs remained ev-
ident in Ca2+-free solution or after pretreatment
with verapamil suggests that these BoPs are not
associated directly with neuronal calcium influxes
or transmitter-releasing processes from other in-
terneurons. The calcium ions that contribute to
the BoPs may arise from intracellular calcium
ions. Intraneural injection of calcium ions elicits
BoPs in neurons.20 As2O3 may also release stores
of intracellular calcium.32
Second messengers are related intimately to
neuronal functions.33 Amphetamine-elicited BoPs
in snail RP4 neurons are associated with protein
kinase A activity.15,22 In the present study, As2O3
continued to elicit BoPs in the presence of KT-5720
(an inhibitor of cyclic AMP-dependent protein
kinase A34). These results suggest that As2O3-
elicited potential changes in the RP4 neurons are
not related directly to protein kinase A activity.
When the preparation was pretreated with PLC
inhibitor U73122,34 the initiation of BoPs by
As2O3 was abolished. U73122 appeared to block
the initiation of the BoPs elicited by As2O3.
Neomycin, an aminoglycoside antibiotic and a
phospholipase inhibitor,35 inhibited the BoPs
elicited by As2O3. Our previous studies have re-
vealed that procaine may elicit BoPs in a PLC
pathway, whereas amphetamine does not.23,24
Using amphetamine as a modulator, we have
shown previously that modulation of potential
changes between spontaneously generated action
potentials and BoPs in central snail RP 1 and
RP4 neurons involves several factors. Oscillation
of membrane potential and BoPs were reversible
after extracellular application of d- or l-ampheta-
mine.15–18 Intracellular injection of amphetamine
elicited BoPs without time delay.16,20 Ratiometric
confocal Ca2+ measurements have revealed that
intracellular calcium content is increased in 
amphetamine-treated neurons.21 BoPs are decreased
after intracellular injection of high concentrations
of magnesium ion or EGTA21, or extracellular ap-
plication of KT-5720, H8 or H89 (protein kinase
A inhibitors).15,16,22 Two-electrode voltage clamp
studies have revealed that amphetamine decreases
Arsenic effects on central snail neuron
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Table 3. Effects of 10 mM arsenic trioxide (As2O3) on amplitude peaks of total inward currents in the RP4
neurons*†
Test potential (mV)
Physiological solution (n = 3) 10 mM As2O3 (n = 3)
Controls (nA) 20 min (nA) 60 min (nA)
−30 −164.7 ± 18.0 −87.9 ± 17.2‡ −94.1 ± 9.3‡
−20 −260.4 ± 14.2 −172.9 ± 15.9‡ −183.3 ± 4.9‡
−10 −288.5 ± 16.6 −215.4 ± 4.7‡ −246.3 ± 6.0
0 −269.3 ± 14.7 −219.3 ± 5.3 −242.5 ± 9.8
10 −231.3 ± 11.4 −193.0 ± 5.9 −210.2 ± 9.9
*Data are presented as mean ± standard error of the mean (n is the number of neurons tested); †the membrane currents were elicited
from a holding potential of − 60 mV to test potentials (−30 to + 10 mV), before and after As2O3 application; ‡p < 0.05 vs. controls
(physiological solution).
the fast Na+, Ca2+ and IA currents in neurons.19 It
also decreases the steady-state K+ current and elic-
its a negative slope resistance in the steady-state
I–V curve between − 50 and − 10 mV. However,
amphetamine does not alter the Kir6.2 channels
expressed in Xenopus oocytes.36 Forskolin
(adenylyl cyclase activator) and vinpocetine, 
erythro-9-(2-hydroxy-3-nonyl) adenine, milri-
none, rolipram or caffeine (phosphodiesterase
inhibitors) facilitate the BoPs elicited by am-
phetamine, whereas sildenafil (viagra) does
not.36 The metabolite inhibitors sodium azide
and rotenone facilitate the BoPs elicited by 
amphetamine.27 Therefore, the BoPs elicited by
amphetamine via intracellular calcium ions are
related to the cyclic AMP messenger system.
However, in the present study, we found that
As2O3-elicited BoPs were dependent on PLC
rather than cyclic AMP. It is interesting to note
that intraneuronal messengers elicited BoPs
through different mechanisms.
It has been reported that, in cases of fatal ar-
senic poisoning in humans, the concentration of
arsenic in the organs may be several-hundred-
fold higher than that in the blood. For example,
the liver concentration may be as high as 147μg/g
(around 1.9 mM).37 In the present study, we re-
ported effects of As2O3 at the millimolar level on
the electrophysiological behavior of the neurons.
Two-electrode voltage clamp studies revealed
that 10 mM As2O3 decreased the fast total inward
currents, yet had no effect on steady-state outward
currents. Amphetamine19 and cocaine25 have been
shown to decrease the fast total inward current
and total outward current, and elicit BoPs in RP4
neurons. It appears that the steady-state outward
current does not contribute to the As2O3-elicited
BoPs. Furthermore, the ionic mechanism that
underlies the As2O3-elicited BoPs is different from
that of amphetamine and cocaine.
Mammalian and snail neurons express differ-
ent ion channels and display different active
membrane properties. As a result, mammalian and
snail neurons do not respond to As2O3 in the same
manner. Therefore, it is very likely that As2O3-
induced electrophysiological effects on snail
neurons do not explain the ionic mechanism of
As2O3-induced neurotoxic effects in mammalian
neurons. However, as far as we are aware, there
have been no electrophysiological studies of the
effects of As2O3 on mammalian neurons. The re-
sults of the present study may trigger further elec-
trophysiological studies of the effects of As2O3 on
mammalian neurons.
The present study demonstrated how toxic
concentrations of As2O3 affected neuronal impulse
activity. Our results suggest that 10 mM As2O3 elic-
its BoPs and that this effect is associated with
PLC activity. As2O3 at 30 mM abolishes the spon-
taneous action potentials of the neurons.
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